Background: Once DNA repair is completed, the DNA damage checkpoint is terminated, and the cell cycle is resumed. Results: Src inhibition induced a delay in G 2 checkpoint recovery and persistent ATR-Chk1 activation. Conclusion: Src inhibits ATR signaling to promote recovery from G 2 checkpoint arrest. Significance: Src sends a termination signal between the completion of DNA repair and the initiation of checkpoint termination.
The DNA damage checkpoint arrests cell cycle progression to allow time for repair. Once DNA repair is completed, checkpoint signaling is terminated. Currently little is known about the mechanism by which checkpoint signaling is terminated, and the disappearance of DNA lesions is considered to induce the end of checkpoint signaling; however, here we show that the termination of checkpoint signaling is an active process promoted by Src family tyrosine kinases. Inhibition of Src activity delays recovery from the G 2 phase DNA damage checkpoint following DNA repair. Src activity is required for the termination of checkpoint signaling, and inhibition of Src activity induces persistent activation of ataxia telangiectasia mutated (ATM)and Rad3-related (ATR) and Chk1 kinases. Src-dependent nuclear protein tyrosine phosphorylation and v-Src expression suppress the ATR-mediated Chk1 and Rad17 phosphorylation induced by DNA double strand breaks or DNA replication stress. Thus, Src family kinases promote checkpoint recovery through termination of ATR-and Chk1-dependent G 2 DNA damage checkpoint. These results suggest a model according to which Src family kinases send a termination signal between the completion of DNA repair and the initiation of checkpoint termination.
Genotoxic stress activates DNA damage checkpoint responses and arrests cell cycle progression to allow time for DNA repair. After completion of DNA damage repair, checkpoint signaling must be terminated so that checkpoint-arrested cells can resume cell cycle progression. The initiation of checkpoint signaling has been studied in depth, but little is known about the termination of checkpoint signaling and the resumption of cell cycle progression. Several reports have shown that the recovery from DNA damage checkpoint is not a passive or spontaneous process following the completion of DNA repair. Cell cycle resumption requires the active involvement of Pololike and Aurora A kinases to reactivate the Cdk-cyclin complex, indicating that cell cycle resumption is not a direct result of the termination of checkpoint signaling. The termination or silencing of checkpoint signaling is also an active process that involves dephosphorylation and proteasomal degradation of checkpoint proteins; however, except for the direct reversal of phosphorylation or removal of the activated checkpoint proteins, very little is known about the signal transduction pathway that is triggered by the completion of DNA repair to initiate the termination of checkpoint signaling. Currently the disappearance of DNA lesions is considered to bring about the end of the activation of the most upstream components of the DNA damage checkpoint, namely the sensors that detect DNA lesions (1) (2) (3) .
As part of the sensor mechanism that detects DNA lesions or stalled replication forks, ataxia telangiectasia mutated (ATM) 6 and ATM-and Rad3-related (ATR) protein kinases are crucial regulatory proteins in the DNA damage checkpoint and maintenance of genomic stability. ATM is activated in response to DNA double strand breaks (DSBs) induced by ionizing radiation and radiomimetic anticancer agents. ATR is activated in response to replication protein A (RPA)-coated single-stranded DNA, which is formed during DNA replication and repair. The checkpoint signals retain the Cdk1-cyclin B1 complex in an inactive state, resulting in cell cycle blockage at the G 2 /M transition, namely G 2 DNA damage checkpoint arrest (3) (4) (5) (6) .
In the S and G 2 phases of the cell cycle, DSB ends are processed by nucleases and resected in an ATM-dependent manner to generate the RPA-coated single-stranded DNA that activates ATR and induces subsequent phosphorylation and activation of Chk1 (7) (8) (9) (10) (11) . Despite the similarity in substrate specificity between ATM and ATR, it is believed that Chk1 is a direct substrate of ATR but not ATM and that Chk2 functions exclusively downstream of ATM in vivo (4) . Chk1 activation is essential for the maintenance of G 2 checkpoint arrest in response to DSB induction, and inhibition of Chk1 activity during G 2 checkpoint arrest induces premature mitotic entry even though DNA repair has not been completed (12) (13) (14) (15) (16) . Rad17 is another phosphorylation substrate of ATR, and the phosphorylation of Rad17 is required for its interaction with Claspin and Chk1 activation (17) (18) (19) . Claspin mediates the ATR-dependent phosphorylation of Chk1 to activate the ATR-Chk1 signaling pathway (20) . Following checkpoint activation, several protein phosphatases and ubiquitin ligases target the activated checkpoint proteins including Rad17 (21) , Claspin (22) (23) (24) , and Chk1 (25) (26) (27) (28) (29) (30) . The direct dephosphorylation and degradation of checkpoint proteins promote the termination of checkpoint signaling (1) (2) (3) .
Src family kinases (SFKs) are the largest family of non-receptor tyrosine kinases. Activated SFKs phosphorylate a number of substrates and play important roles in the intracellular signal transduction that regulates cell proliferation, differentiation, migration, and morphological changes. SFK kinase activity is autoinhibited through the intramolecular interaction between the SH2 domain and a C-terminal phosphotyrosine residue (31, 32) . SFKs are mainly located on the cytoplasmic side of the plasma membrane but are also found in late endosomes/lysosomes, secretory granules/phagosomes, and Golgi membranes (33) (34) (35) (36) (37) (38) . Intriguingly, cell fractionation and confocal microscopy showed that a fraction of the SFKs are expressed in the nucleus (39 -43) . Lyn, one of the SFK members, is activated and translocated into the nucleus upon DNA damage induction (44, 45) . In DNA damage responses, Lyn plays positive and negative roles in apoptosis induction (46 -50) . Fyn is also translocated to the nucleus upon UV-B irradiation (51) . These results indicate that SFKs are engaged in DNA damage responses; however, little is known about the involvement of the nuclear SFKs in the ATM/ATR-regulated checkpoint pathways.
The present study shows that the termination of checkpoint signaling is an active process promoted by Src family tyrosine kinases. Inhibition of SFK activity delays recovery from G 2 DNA damage checkpoint following DNA DSB repair. Src activity is required for termination of checkpoint signaling but is dispensable for the resumption of the cell cycle that follows. SFKs are involved in the silencing of the ATR-Chk1 signaling pathway, and inhibition of SFK activity leads to persistent checkpoint activation and prolonged cell cycle arrest. SFKs also suppress ATR-Chk1 signaling activated by replication stress. These results suggest a model according to which SFKs play a crucial role in the signal transduction pathway that terminates DNA damage checkpoint signaling and suggest that SFKs send a termination signal between completion of DNA repair and initiation of checkpoint termination to promote checkpoint recovery.
EXPERIMENTAL PROCEDURES
Plasmids, Cell Lines, and Cell Culture-The cDNA encoding human wild-type Lyn was provided by Tadashi Yamamoto (The University of Tokyo) (52) . Chicken v-Src was provided by Hiroshi Ohnishi (Gunma University) (53) . Human c-Src was provided by Donald J. Fujita (University of Calgary) (54) . cDNAs were subcloned into the pcDNA4-TO vector (Invitrogen). Wild-type Lyn was tagged with FLAG-HA (FH) epitopes and a nuclear localization signal (NLS) at its N terminus (55) . FH-NLS-Lyn retains the inhibitory tyrosine phosphorylation site at the C-terminal tail. The constitutively active mutants Lyn⌬C-HA (deleted of residues 507-512) and NLS-Lyn⌬C-HA were described previously (36, 43) . To generate HeLa S3 cells with an inducible v-Src allele (HeLa S3-TR/v-Src), HeLa S3 cells were transfected with the tetracycline repressor (TR) and selected with hygromycin (HeLa S3-TR). HeLa S3-TR cells were subsequently transfected with pcDNA4-TO-neo/v-Src and selected with G418. The neomycin-resistant pcDNA4-TO-neo vector was described previously (56) . The expression of v-Src was induced with 1 g/ml doxycycline. Gene transfection was performed using acidified polyethylenimine (38, 57) or Lipofectamine 2000 (Invitrogen). Parental HeLa S3 and HeLa S3 cells stably expressing NLS-Lyn or TR were cultured in Iscove's modified Dulbecco's medium supplemented with 5% bovine serum.
Checkpoint Recovery and Mitotic Entry after Adriamycin Exposure-Cells were synchronized at the G 1 /S boundary with 4 mM thymidine for 24 h. For G 2 synchronization, cells were released from thymidine block and cultured for an additional 12 h with 9 M RO-3306, a Cdk1 inhibitor (EMD Biosciences, 217699). The cells were exposed for 1 h to 110 nM Adriamycin (Sigma-Aldrich, D1515) except where noted. Then cells were released from G 1 /S or G 2 synchronization and cultured in the presence of 40 ng/ml nocodazole to determine the mitotic index. The numbers of mitotic cells with a round shape were counted under a phase-contrast microscope. To inhibit the activity of SFKs, 5 M SU6656 (Sigma-Aldrich, S9692) (58) or 20 M PP2 (Sigma-Aldrich, P0042) was added 1 h before or after Adriamycin and included in the medium until the end of the culture period.
Mitotic Entry after Checkpoint Abrogation-Cells were synchronized in G 1 /S or G 2 phase, exposed to 500 or 250 nM Adriamycin for 1 h, and allowed to recover. To inactivate checkpoint signaling, 5 mM caffeine, 0.1 mM Gö6976 (LC Laboratories, G-6203), 10 M KU-55933 (Chemdea, CD0191), 10 M Chk2 inhibitor II (Sigma-Aldrich, C3742), or VE-821 (Tinib-Tools, V134) was added to the culture. One hour before checkpoint inactivation, 5 M SU6656 or 100 ng/ml BI2536 (Selleck Chemicals, S1109) was added to the culture medium and included until the end of the culture period.
For analysis with shRNA, HeLa S3 cells were transfected with pENTR4-H1/shLyn together with pcDNA4-TO/EGFP, cultured for 8 h, and cultured with fresh medium for an additional 16 h. Then cells were exposed to 4 mM thymidine for 24 h. The cell were exposed to 250 nM Adriamycin for 1 h and allowed to recover for 16 h. To inactivate checkpoint signaling, 0.1 mM Gö6976 was added to the culture, and cells were cultured in the presence of 40 ng/ml nocodazole. BI2536 was added at 100 ng/ml when Gö6976 was added.
Analysis of Checkpoint Proteins-For analysis of checkpoint responses in G 2 phase, cells were treated as follows. After release from G 1 /S synchronization, cells were cultured for 6 h to reach the late S/G 2 phase. Then cells were exposed to 110 nM Adriamycin for 1 h and allowed to recover. One hour before adding Adriamycin or after the end of Adriamycin exposure, 5 M SU6656, 20 M PP2, or 100 ng/ml BI2536 was added to the culture medium and included until the end of the culture period. Cells were solubilized in SDS-PAGE sample buffer by boiling and sonication or lysed in high salt buffer (50 mM HEPES-NaOH (pH 7.8), 300 mM KCl, 1% Triton X-100, 20% glycerol, and inhibitors of proteases and phosphatases) (59) . The intensity of each protein band was quantitated using a ChemiDoc XRS-Plus image analyzer (Bio-Rad) and calculated as -fold increase Ϯ standard deviation (S.D.) over that obtained with DMSO-treated cells.
For analysis of checkpoint responses activated by replication stress, HeLa S3 cells were treated with 4 mM thymidine for 24 h and fractionated to obtain the chromatin-enriched fractions. Six hours before harvest, 10 M SU6656 was added. The chromatin fractions were prepared as follows. HeLa S3 cells were collected and lysed in low salt buffer (10 mM HEPES-NaOH (pH 7.8), 10 mM KCl, 0.1% Triton X-100, 10% glycerol, 0.34 M sucrose, and 1.5 mM MgCl 2 ) (60). The resulting insoluble materials were washed once with low salt buffer, suspended in low salt buffer, and solubilized by sonication. The soluble fraction was cleared by centrifugation and used as the solubilized chromatin fraction. Alternatively, HeLa S3 cells were transfected with shRNA expression vector, cultured for 72 h, and solubilized in SDS-PAGE sample buffer. Cells were exposed to 4 mM thymidine for 24 h before harvest. In these experiments, cells were not exposed to Adriamycin.
Binucleation Assay-HeLa S3 cells were synchronized at the G 1 /S boundary and exposed to 110 nM Adriamycin for 1 h. Then cells were released from synchronization and cultured in the presence of 0.2 g/ml cytochalasin D. After 23 h of recovery, cells were fixed with 4% paraformaldehyde and stained with propidium iodide as described previously (42, 43) . Binucleated cells were counted under a fluorescence microscope (Zeiss Axiovert S100). In parallel, cells were cultured in the presence of 40 ng/ml nocodazole for mitotic index determination.
Flow Cytometry-Flow cytometric analyses were performed as described previously (56, 61) . For analysis of Chk1-Ser 317 phosphorylation, HeLa S3 cells were transfected 24 h after seeding. At 8 h after transfection, cell culture medium was changed with fresh medium, and the cells were cultured for an additional 16 h. Then the cells were exposed to 4 mM thymidine for 16 h before harvest. The cells were fixed with 1.5% paraformaldehyde, stained with the indicated antibodies, and analyzed on a MoFlo cell sorter (Beckman Coulter) or BD FACSCanto II (BD Biosciences).
For analysis of recovery from G 2 checkpoint arrest, HeLa S3 cells were transfected with pENTR4-H1/shLyn together with pcDNA4-TO/EGFP and cultured for 24 h. Then cells were exposed to 4 mM thymidine for 24 h. The cells were exposed to 110 nM Adriamycin for 1 h, released from thymidine block, and cultured in the presence of 40 ng/ml nocodazole. At 30 -36 h after the end of Adriamycin exposure, cells were fixed for flow cytometry.
Immunofluorescence Microscopy-For detection of ␥-H2AX and RPA foci, cells were extracted with cytoskeleton buffer supplemented with 0.5% Triton X-100 and fixed with 4% paraformaldehyde. For detection of nuclear localization of Lyn⌬C, the transfected cells were fixed with 4% paraformaldehyde. Subsequently, the cells were permeabilized with 0.5% Triton X-100 for 5 min and stained as described previously (42, 43) . DNA was stained with propidium iodide.
Antibodies-The following antibodies were used: actin (Chemicon, MAB1501), Cdk1 (Santa Cruz Biotechnology, sc-54), Cdk1-Tyr(P) 15 Oligo DNA Sets Used for shRNA-Oligo DNA sets used for shRNAs targeting SFKs are as follows: shLyn sense, 5Ј-GAT CTC TGG ACA GAG GTT TCA AAC TAT TCA AGA GAT AGT TTG AAA CCT CTG TCC TTT TTG CGC AT-3Ј; shLyn antisense, 5Ј-CTA GAT GCG CAA AAA GGA CAG AGG TTT CAA ACT ATC TCT TGA ATA GTT TGA AAC CTC TGT CCA GA-3Ј; shYes sense, 5Ј-GAT CTC TGG TTA ATT GAA GAC AAT GAT TCA AGA GAT CAT TGT CTT CAA TTA ACC TTT TT-3Ј; shYes antisense, 5Ј-CTA GAA AAA GGT TAA TTG AAG ACA ATG ATC TCT TGA ATC ATT GTC TTC AAT TAA CCA GA-3Ј; shFyn sense, 5Ј-GAT CTC TGG AAG AGC TCT GAA ATT ACT TCA AGA GAG TAA TTT CAG AGC TCT TCC TTT TT-3Ј; shFyn antisense, 5Ј-CTA GAA AAA GGA AGA GCT CTG AAA TTA CTC TCT TGA AGT AAT TTC AGA GCT CTT CCA GA-3Ј. An shRNA targeting luciferase (shLuci) was described previously (56) .
RESULTS

SFK Activity Is Required for G 2 DNA Damage Checkpoint
Recovery-Exposure of cells to Adriamycin induces DSBs, which activate the DNA damage checkpoint and arrest cell cycle progression at the G 2 /M phase boundary. After completion of DNA repair, cells recover from the DNA damage check-point arrest and enter mitosis. Mitotic HeLa S3 cells exhibited a round cell shape and phosphorylation of histone H3 at Ser 10 ( Fig. 1A ). Exposure to SU6656, an SFK inhibitor, brought about a severe delay in mitotic entry when cells were exposed to Adriamycin (Fig. 1B) . Without Adriamycin, SU6656-treated cells slightly delayed mitotic entry, but the mitotic index curve had the same slope as mock-treated cells. Likewise, exposure to PP2, another SFK inhibitor, severely delayed mitotic entry after Adriamycin exposure (ϩADR), but PP2 alone did not appear to affect mitotic entry (ϪADR) (Fig. 1C) . To exclude the effect of S phase checkpoint on mitotic entry, cells were synchronized in G 2 phase with the Cdk1 inhibitor RO-3306 and exposed to Adriamycin. Cells treated with RO-3306 complete DNA replication and arrest in G 2 phase (62, 63) . Again, SU6656-treated cells showed a decreased mitotic index after Adriamycin exposure ( Fig. 1, D and E) . To exclude the possibility that SU6656 and PP2 may nonspecifically inhibit other kinases to delay checkpoint recovery, the involvement of SFKs was addressed by RNAi-mediated gene knockdown. In HeLa S3 cells, at least three family members, Lyn, c-Yes, and Fyn, are abundantly expressed and might have considerable functional redundancy (64) . Because previous studies reported the involvement of Lyn in DNA damage responses (44, 45) , we examined the role of Lyn. shRNA-mediated knockdown of Lyn induced a delay in mitotic entry after Adriamycin exposure ( Fig. 1F ). These results suggest that SFK inhibition leads to prolonged G 2 DNA damage checkpoint arrest and that SFK activity is required for G 2 checkpoint recovery and mitotic entry.
Data confirmed that the decreased mitotic index was not due to slippage from mitotic arrest. Although SU6656 often induces mitotic slippage (65), PP2 does not, a result confirmed in the present study ( Fig. 1J ). In addition, checkpoint recovery was examined without monitoring mitotic arrest. In the presence of cytochalasin D, mitotic cells can complete chromosome segregation but fail cytokinesis, resulting in binucleation ( Fig. 1H ) (66) . After Adriamycin exposure, SU6656-treated cells showed a lower number of binucleated cells, which correlated with the decreased mitotic index (Fig. 1H ). In addition, degradation of cyclin B1 was also inhibited by SU6656 after Adriamycin exposure ( Fig. 1I ), which is reminiscent of results showing that cyclin B1 accumulates during DNA damage-induced G 2 checkpoint arrest and is degraded in mitosis (see Fig. 3A ) (61) . By contrast, cyclin B1 was found to be degraded during SU6656-induced mitotic slippage. 7 These results suggest that the decreased mitotic index upon SFK inhibition is not due to mitotic slippage but to cell cycle arrest.
SFK Activity Is Involved in Silencing of ATR-and Chk1-dependent G 2 DNA Damage Checkpoint-Next, the mechanism by which SFK kinase activity is involved in the recovery from G 2 DNA damage checkpoint was assessed. For this purpose, maintenance of G 2 DNA damage checkpoint was abrogated by caffeine, an ATM/ATR inhibitor, and checkpoint-arrested cells were allowed to enter mitosis in the presence of kinase inhibitors (Fig. 2, A and B) . The design of this protocol mimics cell cycle restart after completion of DNA repair and termination of ATM/ATR signaling (67) and enables the differentiation of kinases involved in checkpoint silencing from those involved in cell cycle resumption. Plk1 is required for cell cycle resumption after checkpoint termination (67) . Indeed, exposure to the Plk1 inhibitor BI2536 blocked entry into mitosis after checkpoint abrogation by caffeine ( Fig. 2A ) as shown previously (68) . In contrast to BI2536, SU6656 was incapable of blocking mitotic entry when Adriamycin-treated cells were exposed to caffeine (Fig. 2, A and B) . With a prolonged exposure to SU6656 from G 1 /S phase, Adriamycin-treated cells were also allowed to enter mitosis upon exposure to caffeine despite a slight delay (Fig.  2C ). These results suggest that SFK activity is dispensable for cell cycle resumption but required for the silencing of ATM/ ATR-dependent G 2 DNA damage checkpoint signaling.
Because previous works showed that G 2 checkpoint maintenance is largely dependent on Chk1 (12) (13) (14) (15) (16) , the possibility that SFK activity is required for the silencing of ATR-Chk1 signaling was examined. At 16 h after the end of Adriamycin exposure, ATM-mediated Chk2 phosphorylation was drastically decreased, but ATR-mediated Chk1 phosphorylation was increased ( Fig. 2D ), suggesting that ATM and Chk2 are almost inactivated but that ATR and Chk1 are still active and responsible for the maintenance of G 2 checkpoint arrest at this time point. The reduction of Chk1 and Chk2 protein after Adriamycin exposure should be due to an electrophoretic mobility shift and proteasomal degradation (28 -30, 69 -71) . Because caffeine has a pleiotropic effect, we used Gö6976, which selectively inhibits the activity of Chk1 but not Chk2 (14, 72) . In fact, exposure to Gö6976 released cells from G 2 checkpoint arrest and induced mitotic entry, whereas exposure to the Chk2 inhibitor II (73) or specific ATM inhibitor KU-55933 did not (Fig. 2 , E and G). Exposure to VE-821, a specific ATR inhibitor, released cells from G 2 checkpoint arrest as reported previously (data not shown) (74 -76) . Furthermore, Gö6976 induced dephosphorylation of the inhibitory Tyr 15 on Cdk1 (Cdk1-Tyr 15 ) ( Fig. 2F ). . SFK activity is required for G 2 DNA damage checkpoint recovery. A, HeLa S3 cells with a round shape were stained with anti-phosphohistone H3 (Ser 10 ) antibody and propidium iodide and confirmed as mitotic cells. B, HeLa S3 cells were synchronized at the G 1 /S phase boundary by thymidine block, exposed to 110 nM Adriamycin (ADR) for 1 h, and allowed to recover. Cells were exposed to 5 M SU6656 or DMSO. Results without Adriamycin are also shown. C, HeLa S3 cells were treated as in B except that 20 M PP2 was used. The mitotic index was determined at 14 and 33 h after release from thymidine synchronization for untreated (ϪADR) and Adriamycin-treated (ϩADR) cells, respectively. D and E, cells were treated as in B but synchronized in G 2 phase with RO-3306. Results without Adriamycin are shown in E. F, HeLa S3 cells were transfected with shRNA expression vector targeting Lyn (shLyn). EGFP expression vector was co-transfected. Recovery from G 2 checkpoint arrest was analyzed by flow cytometry as described under "Experimental Procedures." An shRNA targeting luciferase (shLuci) was used as a control. p values were calculated using t test. A. U., arbitrary units. G, HeLa S3 cells were transfected with shRNA expression vector and cultured for 72 h. SDS lysates were prepared and probed with the indicated antibodies. H, Adriamycin-treated cells were cultured for 23 h in the presence of cytochalasin D to inhibit cytokinesis. The numbers of binucleated cells were counted, and the mitotic index was determined in parallel. N, nucleus. I, cells were exposed to Adriamycin as in D and harvested 21 h later. SDS lysates were prepared and probed for cyclin B1 and actin. J, HeLa S3 cells were synchronized at the G 1 /S phase boundary by thymidine block. Cells were released from thymidine and exposed to 5 M SU6656, 20 M PP2, or DMSO. The mitotic index was determined to monitor slippage from nocodazole-induced mitotic arrest. Scale bar, 10 m for all panels. Error bars represent S.D.
These results suggest that the maintenance of G 2 DNA damage checkpoint arrest is mediated by ATR-Chk1 signaling, which is consistent with previous studies (12, 14, 16) . Exposure to BI2536 strongly inhibited Gö6976-induced mitotic entry and dephosphorylation of Cdk1-Tyr 15 (Fig. 2, E, F, and H) . In sharp contrast to this, SU6656 affected neither Gö6976-induced mitotic entry nor the dephosphorylation of Cdk1-Tyr 15 , although it caused a slight delay. Similarly, Gö6976 induced mitotic entry in cells transfected with shLyn ( Fig. 2H) . These results suggest that SFK activity is required for the silencing of G 2 checkpoint signaling mediated by ATR and Chk1.
SFKs Promote Down-regulation of ATR-mediated Chk1 Phosphorylation during G 2 Checkpoint Recovery-To understand how SFK activity exerts checkpoint silencing, ATR-mediated phosphorylation of Chk1 during checkpoint recovery was examined because phosphorylation of Chk1 at Ser 317 and Ser 345 is a reliable indicator of activation of ATR and Chk1 in vivo (4, 13, 77, 78) . Upon Adriamycin exposure in G 2 phase, the accumulation of cyclin B1 peaked at 5 h after the end of Adriamycin exposure, and the phosphorylation of Cdk1-Tyr 15 was strikingly decreased at 11 h (Fig. 3A) , indicating that the recovery from G 2 DNA damage checkpoint occurred between 5 and 11 h after Adriamycin exposure. Before Adriamycin exposure, Chk1 was already phosphorylated and activated because of DNA replication stress in S phase. Upon Adriamycin exposure, Chk1 was up-regulated and then down-regulated gradually (Fig. 3A) . In this experiment, cells were not treated with SFK inhibitors.
To examine the involvement of SFKs in Chk1 inactivation, cells were treated with SU6656. At 5 h after Adriamycin exposure, SU6656 treatment affected neither phosphorylation of Chk1-Ser 317 nor degradation of cyclin B1 (Fig. 3B) , indicating that SFK inhibition does not affect Chk1 phosphorylation during G 2 checkpoint activation. By contrast, at 11 h after Adriamycin exposure, SU6656 increased phosphorylation of Chk1 at Ser 317 and Ser 345 (Fig. 3, B and C) , suggesting that the downregulation of Chk1 is prevented. SU6656 also inhibited both the degradation of cyclin B1 and the dephosphorylation of Cdk1-Tyr 15 (Fig. 3, B and D) , indicating that the recovery from G 2 checkpoint arrest is delayed. Similarly, PP2 increased the phosphorylation of Chk1 (Fig. 3E ). The phosphorylation of Chk1 at Ser 317 and Ser 345 is mediated by ATR, but not ATM, in vivo (4). Caffeine effectively blocked SU6656-induced phosphorylation of Chk1-Ser 317 (Fig. 3F) , which is consistent with the finding that SU6656 did not affect caffeine-induced abrogation of G 2 DNA damage checkpoint (Fig. 2, A and B) . Along with the dephosphorylation of Chk1-Ser 317 , caffeine induced dephosphorylation of Cdk1-Tyr 15 and degradation of cyclin A and cyclin B1 (Fig. 3F) . Without exposure to Adriamycin, SU6656 or PP2 did not increase Chk1 phosphorylation, Cdk1 phosphor-ylation, or the amount of cyclin B1 (Fig. 3, G and H) . These results indicate that SFK activity is critical for the down-regulation of ATR-dependent Chk1 phosphorylation to promote G 2 checkpoint recovery.
To further examine the involvement of SFKs in Chk1 downregulation, SU6656 was added at various time points after the end of Adriamycin exposure instead of treating the cells with the inhibitor before and during Adriamycin exposure. Adding SU6656 at 2-6 h before harvesting also increased Chk1 phosphorylation (Fig. 3J) . These data suggest that SFK inhibition increases Chk1 phosphorylation not through the inhibition of DSB repair. In this experiment, cells were synchronized by single thymidine block.
The effect of SFK inhibition on Chk1 phosphorylation was also examined by a time course experiment. SFK inhibition increased phosphorylation of Chk1, accumulation of cyclin B1, and phosphorylation of Cdk1-Tyr 15 at 7 h after the end of Adriamycin exposure (Fig. 3, K and L) . At 11 h after Adriamycin exposure, Chk1 phosphorylation had returned to the basal level and was not affected by SU6656 treatment (Fig. 3K) , indicating that Chk1 is eventually dephosphorylated in the presence of SU6656. The discrepancy between Fig. 3 , B, C, and D, and Fig. 3 , K and L, should be due to the fact that we used double thymidine block in the time course experiment.
Although Chk1 was substantially phosphorylated by replication stress before Adriamycin exposure (Fig. 3A) , Chk1 phosphorylation induced by replication stress became much weaker than that induced by Adriamycin exposure even in the presence of SU6656 at 5 or 11 h after the end of Adriamycin exposure (Fig. 3, G and I) . Moreover, without Adriamycin exposure, SFK inhibition slightly delayed mitotic entry, but cells entered mitosis even in the presence of SU6656 (Fig. 1B) . These data indicate that the observed checkpoint inactivation defect is not due to the replication stress induced before Adriamycin exposure.
DSB Repair Is Largely Unaffected by SFK Inhibition-G 2 checkpoint recovery is preceded by DSB repair. To understand how SFKs regulate Chk1 phosphorylation, the possibility that the SFK inhibition may increase Chk1 phosphorylation by the inhibition of DSB repair was assessed. ATM-mediated phosphorylation of histone H2AX at Ser 139 (␥-H2AX) is widely accepted as an indicator of DSBs after ionizing radiation and exposure to radiomimetic agents (4, 5). The ␥-H2AX signal was already up-regulated before Adriamycin exposure by DNA replication stress (Fig. 4, A and B) (79) , which was confirmed by the Chk1-Ser(P) 317 blot in Fig. 3A . At 11 h after the end of Adriamycin exposure, most of the ␥-H2AX foci had disappeared (Fig.  4C ). The number of ␥-H2AX foci was slightly increased in SU6656-treated cells, but the difference was not statistically significant. In Western blotting, exposure to SU6656 and/or FIGURE 2. SFK activity is involved in silencing of ATR-and Chk1-dependent G 2 DNA damage checkpoint. A, HeLa S3 cells were synchronized at the G 1 /S boundary and exposed to 500 nM Adriamycin (ADR). After 16 h of recovery, cells were exposed to caffeine and allowed to enter mitosis. SU6656 or BI2536 was added 1 h before caffeine. B, cells were synchronized in G 2 phase and exposed to 250 nM Adriamycin. After recovery, cells were exposed to caffeine. C, cells were treated as in A except that SU6656 was added 1 h before Adriamycin. D, cells were synchronized at the G 1 /S boundary, exposed to 250 nM Adriamycin for 1 h, and allowed to recover for the indicated times. SDS lysates were prepared and probed with the indicated antibodies. Asynchronously growing cells (Async.) were used as controls. E, cells were treated as in D. After 16 h of recovery, Gö6976 or Chk2 inhibitor II was added. F, cells were treated as in E except that nocodazole was not used. At 10 h after Gö6976 addition, cells were harvested for Western blotting. G, cells were treated as in A. After recovery, caffeine or KU-55933 was added. H, HeLa S3 cells were transfected with shLyn together with EGFP expression vector. After synchronization, cells were exposed to 250 nM Adriamycin for 1 h and allowed to recover for 16 h. Mitotic entry was induced by Gö6976 addition, and cells were fixed for flow cytometric analysis. p values were calculated using t test. NS, not significant. Error bars represent S.D. A. U., arbitrary units. caffeine did not affect the ␥-H2AX signal at 11 h after Adriamycin exposure (Fig. 4D ). The effect of SFK inhibition on ␥-H2AX signal was also examined by a time course experiment with single or double thymidine block. SU6656 treatment did not increase but rather inhibited the ␥-H2AX signal (Fig. 4, F  and G) . ␥-H2AX/RPA-double positive foci were also counted because DSB-induced ATR activation is mediated by DSB end resection and generation of RPA-coated single-stranded DNA (7) (8) (9) (10) (11) . The number of ␥-H2AX/RPA-double positive foci was not affected by SU6656 treatment (Fig. 4E) . These results indicate that the majority of DSBs had already been repaired after 11 h of recovery and that the efficiency of DSB repair is largely unaffected by SFK inhibition. These results suggest that SFK inhibition increases Chk1 phosphorylation not through the inhibition of DSB repair and that SFKs regulate checkpoint signaling independently of DSB repair.
SFKs Regulate ATR Signaling Independently from Regulation of ATM Activity-ATM-dependent DSB end resection mediates the activation of ATR by DSBs in the G 2 phase (7-11). To understand how SFKs regulate checkpoint signaling, the possibility that the regulation of ATR activity by SFKs may be exerted through the regulation of ATM activity was assessed. In the presence of the ATM inhibitor KU-55933, SFK inhibition still delayed mitotic entry after Adriamycin exposure (Fig. 5A ).
In the presence of KU-55933, SU6656 consistently induced an increase in both the phosphorylation of Chk1-Ser 317 and the amount of cyclin B1 (Fig. 5B) . These results suggest that SFKs regulate checkpoint signaling independently from regulation of ATM activity and that SFKs regulate ATR signaling to Chk1.
SFKs Regulate Rad17 Phosphorylation Independently of Proteasomal Degradation of Rad17-To understand how SFKs regulate ATR signaling to Chk1, the possibility that SFKs regulate proteins involved in ATR-Chk1 signaling was assessed. ATR-dependent checkpoint signaling is mediated by protein complex formation on damaged chromatin (4 -6) . Rad17 is phosphorylated by ATR, and the Rad17 phosphorylation is required for interaction with Claspin and activation of Chk1 (17) (18) (19) . Therefore, phosphorylation of Rad17 at Ser 645 (Rad17-Ser 645 ) was examined. It is of note that SU6656 significantly increased the phosphorylation of Rad17-Ser 645 (Fig. 5C ). Without exposure to Adriamycin, SU6656 did not increase Rad17 phosphorylation (Fig. 5F) . These results suggest that SFK inhibition increased Rad17 phosphorylation and hence resulted in the elevated Chk1 phosphorylation.
Because the stability of Rad17 is regulated by proteasome-dependent protein degradation during checkpoint recovery (1) (2) (3) 21) , the involvement of proteasomal protein degradation was examined. Exposure to the proteasome inhibitor MG132 did not affect the increase in Rad17 phosphorylation induced by SU6656 (Fig. 5D ). We confirmed that MG132 inhibits UV irradiation-induced Rad17 degradation as reported previously (Fig.  5E) (21) . The amount of Rad17 was increased by SFK inhibition in Fig. 5C but not in Fig. 5D . In Fig. 5D , SU6656 was added after Adriamycin exposure. These results indicate that proteasomal degradation of Rad17 is not involved in the regulation of Rad17 phosphorylation by SFKs.
SFKs Regulate ATR Signaling via a Mechanism Other than Claspin Degradation-To examine whether SFKs regulate downstream components of Rad17 in addition to the Rad17 phosphorylation, the possibility that SFKs may regulate proteasomal degradation of Claspin was assessed. Claspin interacts with Chk1, recruits Chk1 to phosphorylated Rad17, and mediates ATR-dependent Chk1 phosphorylation (19, 20) . During checkpoint recovery, proteasome-dependent degradation of Claspin, which is promoted by Plk1, contributes to the downregulation of ATR-mediated Chk1 phosphorylation (22) (23) (24) . Indeed, exposure to the Plk1 inhibitor BI2536 increased the amount of Claspin (Fig. 5G) . By contrast, SU6656 did not increase the amount of Claspin, but it induced a much higher phosphorylation of Chk1 than did BI2536. These results suggest that SFKs are capable of suppressing ATR-mediated Chk1 phosphorylation via a mechanism other than Claspin degradation. Although we did not investigate whether SFK inhibition perturbs Chk1 dephosphorylation or degradation (25) (26) (27) (28) (29) (30) , these data suggest that SFKs regulate ATR signaling via ATRdependent Rad17 phosphorylation.
v-Src Suppresses ATR-Chk1 Signaling-The data described above indicate that SFKs inhibit ATR-dependent Rad17 phosphorylation. To confirm the role of SFKs in ATR-Chk1 signaling, the impact of oncogenic v-Src on the ATR-dependent checkpoint was examined. For this purpose, we constructed HeLa S3 cells carrying an inducible v-Src allele (HeLa S3-TR/ v-Src cells). Consistent with the data obtained with SFK inhibition, v-Src expression suppressed Chk1-Ser 317 phosphorylation during recovery from Adriamycin-induced G 2 checkpoint activation (Fig. 6A ). This supports the above conclusion.
ATR-dependent DNA damage checkpoint is also activated by replication stress because replication arrest induces the generation of RPA-coated single-stranded DNA by helicase and polymerase uncoupling (4, 6, 80) . To further confirm that SFKs regulate ATR-Chk1 signaling not through regulation of DSB repair, ATR-Chk1 signaling was activated by thymidine exposure, and the effect of v-Src expression on Rad17 phosphorylation was examined. Thymidine treatment induced Chk1-Ser 317 and Rad17-Ser 645 phosphorylation (Fig. 6B ). In addition to the Chk1 phosphorylation induced by DSBs, v-Src also suppressed FIGURE 3. SFKs promote down-regulation of ATR-mediated Chk1 phosphorylation during G 2 checkpoint recovery. A, HeLa S3 cells were exposed to 110 nM Adriamycin (ADR) in G 2 phase as described under "Experimental Procedures." Cells were allowed to recover for the indicated times, and SDS lysates were prepared for Western blotting. B, C, and D, cells were treated as in A except that 5 M SU6656 was added 1 h before Adriamycin exposure. -Fold increases in band intensity induced by SU6656 are shown for samples with 11 h of recovery. Results are expressed as means Ϯ S.D. E, instead of SU6656, 20 M PP2 was used. F, HeLa S3 cells were treated as in B. One hour before harvest, 5 mM caffeine was added. G, H, and I, the same experiment as in B-E. J, HeLa S3 cells were synchronized by thymidine block for 16 h. Cells were exposed to 110 nM Adriamycin for 1 h from 6 h after release from thymidine block. At 11 h after the end of Adriamycin exposure, cells were harvested, and SDS lysates were prepared. For the indicated times before harvesting, cells were treated with 5 M SU6656. The graph represents results obtained from two independent experiments. K and L, HeLa S3 cells were synchronized by double thymidine block. From 6 h after release from thymidine block, cells were exposed to 110 nM Adriamycin for 1 h. Cells were allowed to recover for the indicated times, and SDS lysates were prepared. Representative data from two independent experiments are shown. p values were calculated using t test. Error bars represent S.D. Async., asynchronously growing cells.
FIGURE 4. DSB repair is largely unaffected by SFK inhibition.
A, HeLa S3 cells were exposed to 110 nM Adriamycin (ADR) in G 2 phase as described under "Experimental Procedures" and fixed for immunofluorescence microscopy. After fixation, the cells were stained with anti-␥-H2AX antibody. B, cells were treated as in A. SDS lysates were prepared and probed with the indicated antibodies. C and E, cells were treated as in A and fixed 11 h after the end of Adriamycin exposure. One hour before Adriamycin exposure, 5 M SU6656 was added. D, the same experiment as in Fig. 3F . Cells were treated as in C and E, and SDS lysates were prepared. One hour before harvest, 5 mM caffeine was added. F and G, HeLa S3 cells were exposed to 110 nM Adriamycin for 1 h from 6 h after release from thymidine block and allowed to recover for the indicated times. SDS lysates were prepared and probed with the indicated antibodies. Cells were synchronized by single thymidine block for 16 h (F) or double thymidine block (G). Each graph represents results obtained from two independent experiments. NS, not significant. Error bars represent S.D. Scale bar, 10 m in all panels. Async., asynchronously growing cells.
the Rad17 phosphorylation induced by replication stress upon exposure to thymidine (Fig. 6, C and D) . This supports the conclusion that SFKs regulate Rad17 phosphorylation but not through the regulation of DSB repair.
SFKs Negatively Regulate ATR-Chk1 Signaling Activated by
Replication Stress-In the above experiments, v-Src suppressed ATR-Chk1 signaling activated by replication stress. To confirm that endogenous SFKs regulate ATR-Chk1 signaling independ- Fig. 1B except that 20 M PP2 and/or 10 M KU-55933 was used. The mitotic index was determined after 48 h of recovery. B, cells were exposed to 110 nM Adriamycin (ADR) in G 2 phase as described under "Experimental Procedures." One hour before Adriamycin exposure, 10 M KU-55933 was added. SDS lysates were prepared. C, the same experiment as in Fig. 3 , B-E. Cells were exposed to 110 nM Adriamycin in G 2 phase as described under "Experimental Procedures," and SDS lysates were prepared 11 h after the end of Adriamycin exposure. D, HeLa S3 cells were treated as in C except that 5 M SU6656 was added after Adriamycin exposure. Two hours before harvest, 10 M MG132 was added. E, HeLa S3 cells were UV-irradiated (10 J/m 2 ), allowed to recover for 4 h, and solubilized in SDS-PAGE sample buffer. One hour before UV irradiation, 10 M MG132 was added. The data were obtained from the same blot. F, the same experiment as in C. G, HeLa S3 cells were treated as in C. Cells were exposed to SU6656 or BI2536. p values were calculated using t test. Error bars represent S.D. ently of DSB repair, we examined whether endogenous SFKs also regulate ATR-Chk1 signaling activated by replication stress. For this purpose, HeLa S3 cells were treated with thymidine, and SFKs were inhibited. SU6656 increased Rad17 phosphorylation induced by thymidine ( Fig. 7A ). shRNA-mediated knockdown of Lyn, but not c-Yes or Fyn, increased Rad17-Ser 645 phosphorylation (Fig. 7, B, C, D, and E) . The effect of these shRNAs on Chk1 activation was marginal (data not shown); however, shLyn increased cyclin A accumulation (Fig.  7E) . These data indicate that SFKs regulate ATR-Chk1 signaling activated by replication stress as well as DSBs. In these experiments, cells were not exposed to Adriamycin. These data further confirm that endogenous SFKs regulate ATR-Chk1 sig-naling in a manner that is independent of regulation of DSB repair.
SFKs Promote Checkpoint Silencing through Nuclear Protein Tyrosine Phosphorylation-Several reports showed the nuclear localization of SFKs (39 -45, 51) . Therefore, we examined whether SFKs exert silencing of ATR-Chk1 signaling in the nucleus. For this purpose, the SFK member Lyn was tagged with a nuclear localization signal (NLS-Lyn) and transiently expressed in thymidine-treated cells. Transient expression of NLS-Lyn promotes protein tyrosine phosphorylation in the nucleus (43, 55) . Chk1-Ser 317 phosphorylation was induced by thymidine treatment and detected in flow cytometry (Fig. 8A ). NLS-Lyn, but not the kinase-inactive mutant (NLS-Lyn-K275R/Y508F), suppressed Chk1-Ser 317 phosphorylation, which is consistent with the above data.
NLS-Lyn and wild-type Lyn were compared in their ability to suppress Chk1 phosphorylation. Previously we showed that the N-terminal lipid modification of SFKs is critical for proper subcellular localization (37, 42) . A constitutively active mutant of Lyn with the lipid modification (Lyn⌬C) was localized in the nucleus as well as the cell membrane and the perinuclear cytoplasm ( Fig. 8C) , which is consistent with our previous reports (16, 50) . By contrast, NLS-Lyn⌬C accumulated in the nucleus. Lyn⌬C also suppressed Chk1-Ser 317 phosphorylation (Fig. 8B ). However, as indicated in Fig. 8B (R3) , when NLS-Lyn⌬C and Lyn⌬C were expressed in equal amounts, NLS-Lyn⌬C suppressed Chk1 phosphorylation more effectively than did Lyn⌬C. These results suggest that SFKs promote silencing of ATR-Chk1 signaling through protein tyrosine phosphorylation in the nucleus. Curiously, high level expression of NLS-Lyn⌬C reincreased Chk1-Ser 317 phosphorylation (Fig. 8B ). Because inhibition of Chk1 activity increases ATR-dependent Chk1 phosphorylation (27, 81, 82) , one of the possible explanations is that higher expression of NLS-Lyn⌬C reincreases ATR-dependent Chk1 phosphorylation through inhibition of Chk1 activity. Conversely, another tyrosine kinase is involved in ATR activation (83, 84) . Therefore, another possibility is that excessive protein tyrosine phosphorylation by NLS-Lyn⌬C in the nucleus might stimulate other tyrosine phosphorylation-dependent checkpoint regulation in addition to ATR-Chk1 down-regulation. These data raise the possibility that SFKs regulate ATR-Chk1 signaling in the nucleus.
DISCUSSION
The present study reveals that SFKs promote recovery from G 2 DNA damage checkpoint arrest by inhibiting ATR-Chk1 signaling. DNA damage checkpoint recovery involves at least two events: checkpoint silencing and cell cycle resumption (1) (2) (3) . Plk1 and Aurora A are essential for cell cycle resumption (67, 68) . By contrast, SFK activity is dispensable for cell cycle resumption but is required for checkpoint silencing (Fig. 2,  A, B, and E) . Thus, our findings shed light on the upstream signaling for inactivation of the ATR-dependent DNA damage checkpoint. G 2 checkpoint recovery is preceded by DSB repair; however, the delay in G 2 checkpoint recovery induced by SFK inhibition is not due to a delay in DSB repair. When SFK inhibition resulted in increased phosphorylation of Chk1 and Rad17, the . v-Src suppresses ATR-Chk1 signaling. A, HeLa S3-TR/v-Src cells were synchronized at the G 1 /S boundary by exposure to thymidine. After release from thymidine block, doxycycline was added, and the cells were cultured for 6 h. Then the cells were exposed to 110 nM Adriamycin (ADR) and allowed to recover for the indicated times. SDS lysates were prepared and probed with the indicated antibodies. B, asynchronously growing HeLa S3 cells were exposed to 4 mM thymidine for 24 h. SDS lysates were prepared and probed with the indicated antibodies. C, HeLa S3-TR/v-Src cells were exposed to 4 mM thymidine for 24 h. Expression of v-Src was induced with doxycycline for 24 h. Cells were lysed in high salt buffer, and the lysates were probed with the indicated antibodies. D, the same experiment as in C. Cells were harvested at the indicate times after addition of thymidine and/or doxycycline. SDS lysates were prepared and probed with the indicated antibodies. Representative data from two independent experiments are shown. Async., asynchronously growing cells.
␥-H2AX signal had returned to basal levels and was not affected significantly by SFK inhibition or caffeine ( Fig. 4, C, D, and E) . Over the time course, SFK inhibition decreased the ␥-H2AX signal (Fig. 4, F and G) . Moreover, adding SU6656 later in the time course also increased Chk1 phosphorylation (Fig. 3J ). Furthermore, SFKs regulate ATR-Chk1 signaling activated by replication stress (Figs. 6, C and D; 7, A, B, and E; and 8, A and B) . SFKs also suppress ATR-Chk1 signaling induced by UV irradiation. 8 Thus, regulation of ATR-Chk1 signaling by SFKs does not involve regulation of DSB repair, and the delay in G 2 checkpoint recovery induced by SFK inhibition is due to prolonged activation of ATR-Chk1 signaling after completion of DSB repair.
Although activation of ATR by DSBs is mediated by ATMdependent DSB end resection (7) (8) (9) (10) (11) , the regulation of ATR-Chk1 signaling by SFKs is mostly independent of the regulation of ATM for the following reasons. First, SFKs regulate maintenance of G 2 checkpoint arrest ( Fig. 1, B, C, and D) that is dependent on ATR and Chk1 but is independent of ATM and Chk2 (Fig. 2, D, E, F, and G) . Second, in the presence of the ATM inhibitor KU-55933, SFK inhibition still induced a delay in G 2 checkpoint recovery and an increase in ATR-mediated Chk1 phosphorylation (Fig. 5, A and B) . Consistent with these observations, ATM inhibition was shown not to affect ATR and 8 Y. Fukumoto, unpublished observations. FIGURE 7. SFKs negatively regulate ATR-Chk1 signaling activated by replication stress. A, HeLa S3 cells were exposed to 4 mM thymidine for 24 h. Chromatin fractions were prepared as described under "Experimental Procedures" and probed with the indicated antibodies. Six hours before harvest, 10 M SU6656 was added. B, C, and D, HeLa S3 cells were transfected with shRNA expression vectors targeting Lyn (shLyn), c-Yes (shYes), or Fyn (shFyn), and SDS lysates were prepared 72 h after transfection. Cells were exposed to 4 mM thymidine for 24 h before harvest. E, HeLa S3 cells were transfected with shLyn and inoculated 24 h after transfection to reduce confluence. At 48 h after transfection, the medium was changed with fresh medium containing 4 mM thymidine. Cells were harvested, and SDS lysates were prepared at the indicated times. The asynchronous control (Async.) was harvested 24 h after inoculation. The graph represents results obtained from two independent experiments. p values were calculated using t test. NS, not significant. Error bars represent S.D. shLuci, shRNA targeting luciferase.
Chk1 activity once ATM-dependent DSB end resection occurs and ATR is activated (16) . Third, SFKs regulate the ATR-mediated Chk1 phosphorylation that is induced by replication stress in an ATM-independent manner (Figs. 6C; 7, A and B; and 8, A  and B) . Previous work reported the presence of at least two molecularly distinct G 2 checkpoint arrests (10, 16, 85) : early and transient ATM-dependent G 2 checkpoint arrest and late and prolonged G 2 checkpoint arrest whose maintenance is dependent on ATR and Chk1 activity but independent of ATM.
Our results indicate that SFKs promote recovery from the late and prolonged G 2 checkpoint arrest through negative regulation of ATR-Chk1 signaling.
Chk1 is dephosphorylated by PP1, PP2A, and PPM1D (25) (26) (27) and is also subjected to proteasomal degradation upon genotoxic stress (28 -30) . Although we cannot exclude the possibility that SFK inhibition perturbs Chk1 dephosphorylation or degradation, SFK inhibition increased and v-Src suppressed Rad17-Ser 645 phosphorylation (Figs. 5, C and D; 6, C and D; and 7, A, B, and E) , and the Rad17 phosphorylation regulates ATR-dependent Chk1 phosphorylation (17) (18) (19) . Therefore, regulation of ATR-dependent Rad17 phosphorylation is involved in the mechanism by which SFKs regulate Chk1 phosphorylation and activation.
Currently the mechanism by which SFKs regulate Rad17 phosphorylation is unclear. Proteasomal degradation of Rad17 was reported (21) , but SFKs regulate Rad17 phosphorylation independently of Rad17 degradation (Fig. 5D ). Most likely, SFKs would affect upstream components of the ATR signaling pathway. Because ectopic expression of NLS-Lyn suppressed Chk1 phosphorylation (Fig. 8, A and B) , SFKs would exert this role in the nucleus. We have not examined the effect of SFK inhibition on Claspin, RPA chromatin loading, and other checkpoint proteins.
Multiple SFK members have redundant function in inhibition of ATR-Chk1 signaling because overexpression of v-Src and Lyn inhibited ATR-Chk1 signaling (Figs. 6, A and C, and 8,  A and B) . However, shRNA targeted to Lyn, but not c-Yes or Fyn, increased Chk1 phosphorylation in thymidine-arrested cells (Fig. 7, B, C, and D) . This should be due to the differential regulation of expression level, activity, and subcellular localization of each SFK member (31, 36 -38) .
The effect of v-Src on Rad17 phosphorylation is not due to a possible alteration in thymidine-induced cell cycle arrest for the following reasons. v-Src suppressed Adriamycin-induced Chk1 phosphorylation at 6 h, but not 1 h, after the end of Adriamycin exposure (Fig. 6A) . v-Src suppressed Rad17 phosphorylation ( Fig. 6C ) but not ATR autophosphorylation at Thr 1989 (86) induced by thymidine (data not shown), indicating that replication stress is induced. Furthermore, we confirmed that v-Src suppresses Chk1 phosphorylation without affecting thymidine arrest. 9 SFK activation is found in a large number of common tumors; however, the role of SFKs in human cancer development and progression is still not fully understood (32) . Disruptions in ATR-dependent checkpoint pathways cause genomic instability because ATR-Chk1 signaling is essential for the stability of DNA replication forks and recovery of stalled forks (4, 6) . In addition, we and others showed that inhibition of ATR-Chk1 signaling induces premature mitotic entry and mitotic catastrophe (Fig. 2, A, B , C, and E) (12) (13) (14) (15) (16) . In the present study, we showed that v-Src, an activated form of cellular SFKs, suppressed ATR-Chk1 signaling during checkpoint maintenance (Fig. 5, A and C) . Therefore, the ATR suppression induced by activated SFKs should result in genomic instability through aberrant DNA replication and premature mitotic entry, which provides another molecular basis for the carcinogenesis promoted by SFK activation. 9 T. Miura and Y. Fukumoto, unpublished observations. FIGURE 8. SFKs promote checkpoint silencing through nuclear protein tyrosine phosphorylation. A and B, HeLa S3 cells were transfected and subsequently exposed to thymidine for 16 h. The cells were fixed, stained with the indicated antibodies, and analyzed by flow cytometry. The intensity of the Chk1-Ser(P) 317 signal was quantitated in each region (Rn) and expressed relative to that obtained with untransfected cells (R1). p values were calculated using t test. Error bars represent S.D. C, the cells treated as in B were fixed for immunofluorescence and stained as indicated. An untransfected cell on the same coverslip as Lyn⌬C-transfected cells is shown as a control. Scale bar, 10 m in all panels. A. U., arbitrary units.
Conversely, given the oncogenic nature of v-Src, inhibition of ATR signaling by v-Src is a very surprising result because most tumor cells rely on the ATR-Chk1 pathway to survive genotoxic stress (87) (88) (89) (90) . Because certain tumor cells express high levels of Chk1 and its upstream regulators (89, (91) (92) (93) , the negative regulation by activated SFKs would be counteracted in these cell types. SFKs are highly expressed and activated in colorectal and other cancer cell lines (94 -96) , and it may be fruitful to examine the role of endogenous SFKs in regulating ATR signaling in these cell lines.
In response to DNA damage caused by chemo-and radiotherapy, many tumor cells, especially those lacking p53 function, rely on the ATR-dependent DNA damage checkpoint for survival (87) (88) (89) (90) , and DNA damage checkpoint recovery should be an important chemotherapeutic target. Several SFK inhibitors are already available for clinical use or clinical trials. Therefore, our findings raise the possibility of chemical modulation of chemo-and radiotherapy by inhibition of SFKs through modulation of DNA damage checkpoint recovery.
The results of this study demonstrate that SFKs are important negative regulators of ATR-Chk1 signaling in DNA damage checkpoint recovery. Currently, the disappearance of DNA lesions is considered to bring about the end of checkpoint signaling (1-3); however, the present results proved that the termination of checkpoint signaling is an active process promoted by SFK activity, and our finding reveals a new layer of regulation between the completion of DNA repair and the initiation of checkpoint termination. Further study will reveal how the DNA repair process is monitored and how its completion sends a termination signal to DNA damage checkpoints for checkpoint recovery.
